Rowan University

Rowan Digital Works
Theses and Dissertations
7-18-2022

ETHANOL-INDUCED IMPACTS ON NERVOUS SYSTEM
DEVELOPMENT AND DOPAMINE TRANSPORTER
CHARACTERIZATION IN SCHMIDTEA MEDITERRANEA PLANARIA
Brennen Covely
Rowan University

Follow this and additional works at: https://rdw.rowan.edu/etd
Part of the Biomedical Engineering and Bioengineering Commons

Recommended Citation
Covely, Brennen, "ETHANOL-INDUCED IMPACTS ON NERVOUS SYSTEM DEVELOPMENT AND DOPAMINE
TRANSPORTER CHARACTERIZATION IN SCHMIDTEA MEDITERRANEA PLANARIA" (2022). Theses and
Dissertations. 3041.
https://rdw.rowan.edu/etd/3041

This Thesis is brought to you for free and open access by Rowan Digital Works. It has been accepted for inclusion
in Theses and Dissertations by an authorized administrator of Rowan Digital Works. For more information, please
contact graduateresearch@rowan.edu.

ETHANOL-INDUCED IMPACTS ON NERVOUS SYSTEM DEVELOPMENT
AND DOPAMINE TRANSPORTER CHARACTERIZATION IN
SCHMIDTEA MEDITERRANEA PLANARIA

by
Brennen Covely

A Thesis
Submitted to the
Department of Biomedical Engineering
Henry M. Rowan College of Engineering
In partial fulfillment of the requirement
For the degree of
Master of Science in Biomedical Engineering
at
Rowan University
May 5th, 2022

Thesis Advisor: Mary Staehle, Ph.D.,
Undergraduate Program Chair, Department of Biomedical Engineering

Committee Members:
Rachel Riley, Ph.D., Assistant Professor, Department of Biomedical Engineering
Thomas Keck, Ph.D., Chair, Department of Molecular & Cellular Biosciences

©2022 Brennen Covely

Dedication
I dedicate this thesis to my parents, John Covely and Maryellen Covely.

Acknowledgements
I would like to express my appreciation to Doctor Mary Staehle for her guidance
and acceptance throughout my studies. The skills I will take from her lab will no doubt aid
me in my professional career. Because of her belief in my goal, she provided me with two
exceptional team members in Hannah Bonelli and Shreya Kelshikar. I could not have asked
for smarter or more committed group members to spend the past semesters with and they
will emerge as top minds in the scientific community. My research would not have been
possible without their help and the guidance of Dr. Staehle.
I would like to thank my friends for their constant support throughout my life and
creating memories that I will never forget. I can’t ask for a better group to call my friends
and I love every one of them.
I would like to thank my siblings, Sean, Marykate, and Tyler for their constant love
and encouragement all my life. They helped mold me into the person I am today and I
cherish the unique relationships I have with each of them.
Finally, I would like to thank my parents, John and Maryellen. Their love is always
unquestioned and their belief in me can never be overstated. I am who I am because of their
guidance, and I can never repay them for everything they have done for me.

iv

Abstract
Brennen Covely
ETHANOL-INDUCED IMPACTS ON NERVOUS SYSTEM DEVELOPMENT
AND DOPAMINE TRANSPORTER CHARACTERIZATION IN
SCHMIDTEA MEDITERRANEA PLANARIA
2021-2022
Mary Staehle, Ph.D.
Master of Science in Biomedical Engineering

Fetal alcohol spectrum disorders (FASD) are diagnosed in 2-5% of newborns, but the
biology underlying FASD is poorly understood and challenging to study with existing
model organisms. A new model for FASD research is Schmidtea mediterranea (Smed)
planaria. Smed have a remarkable ability to regenerate their central nervous system (CNS),
and possess a well-studied, simple genome. Previous studies have shown that ethanol
exposure delays this regeneration, yet this relationship is not fully understood. Here, we
show that alcohol exposure affects Smed in a dose-dependent manner, eliciting
characteristic withdrawal-like behaviors and impacting cognitive function. Interestingly,
prior exposure does not alter subsequent regenerative ability or exacerbate alcohol’s
influence on regeneration, suggesting a direct impact of alcohol on the molecular processes
occurring during regeneration and not an effect on stem cell regulation or differentiability.
Additionally, it has been established that dopamine systems play a role in alcohol’s effects
on neurons. Smed have robust dopaminergic systems that have limited characterization.
Thus, we developed a new method to visualize dopamine transporters in Smed and
investigate alcohol-induced changes in these systems during head regeneration. Taken
together, this work increases the viability of the planarian model for FASD and establishes
a foundation for future molecular-level characterization in planaria.
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Chapter 1
Introduction
1.1 Background of Fetal Alcohol Spectrum Disorder
Fetal alcohol spectrum disorder (FASD) occurs when pregnant women consume alcohol
resulting in prenatal alcohol exposure[1]. FASD is a life-long disability that predominantly
results in neurological abnormalities, decrease in cognitive and behavioral function, and
facial dysmorphology[2,3]. It is estimated that roughly 10% of pregnant women consume
alcohol worldwide, however FASD prevalence is 10-40 times higher in westernized
countries where a third of pregnant women consume alcohol[2,4]. In Europe and North
America, 2.0-5.0% of newborns are diagnosed with FASD annually[5]. Previous research
has not been able to determine a pattern, amount, or critical period of alcohol exposure
necessary for cognitive or behavioral function impairment[5].

Investigations into FASD have been conducted utilizing both humans and animals, with
rodent models being favored over other animals due to their similarity to humans
genetically and their similar impacts to prenatal alcohol exposure[6]. While these animal
models complement the established human models, there are limitations such as blood
alcohol levels being different or nonexistent depending on the species, limited view of the
fetal development, and maternal stress which in itself can contribute to FASD[7,8,9]. To
address alcohol-induced FASD in neurodevelopment, we explored an alternative animal
model for FASD. Planaria flatworms have a remarkable ability to regenerate their central
nervous system (CNS) after complete head resection, offering a strong model due to their
ability to react to ethanol consumption both behaviorally and regeneratively.
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1.2 Purpose of Experiment
This study utilizes the planarian species Schmidtea mediterranea as an alternative animal
model for FASD. Planaria have the ability to fully regenerate their central nervous system,
and although previous studies have shown that ethanol can delay regeneration, the
relationship is not fully understood. In this thesis, we show that ethanol concentrations that
lead to decreased locomotion can be associated with longer regeneration time of the CNS
of planaria, previous exposure does not alter subsequent regenerative ability or exacerbate
alcohol’s influence on regeneration, and we characterize dopamine transporter expression
utilizing a novel fluorescent stain. Together, these findings suggest that planaria exhibit a
dose dependent reaction to ethanol, and that the impact of alcohol is directly on the
molecular processes occurring during regeneration and likely not an effect on stem cell
differentiability, and we provide a future platform for molecular staining in planaria. In
Chapter 2, a literature review of relevant information regarding FASD and planaria is
provided. In Chapter 3, materials and methods used to test the hypotheses in this thesis are
available. Chapter 4 contains the results collected over the course of experimentation, along
with discussion of the results. Chapter 5 contains the conclusions presented in the thesis
and potential aspects of future research. Taken together, this work increases the viability
of the planarian model for future FASD research.
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Chapter 2
Literature Review
Alcohol consumption during pregnancy can lead to serious birth defects, and despite
numerous public health and prevention efforts, continues to affect millions of families
every year[10]. Children born after being exposed to alcohol during their fetal development
commonly have neurological abnormalities, decrease in cognitive and behavioral function
and facial dysmorphology[2,3]. These conditions are commonly associated with Fetal
Alcohol Spectrum Disorder (FASD). Over a third of pregnant women in western countries
consume alcohol regularly, and 2.0-5.0% of newborns in those countries are diagnosed
with FASD annually[4,5].

2.1 Fetal Alcohol Spectrum Disorder
Alcohol consumption is recognized as the leading cause of preventable birth defects and
developmental disorders in the United States[6,11]. FASD prevalence is currently
estimated between 2.4-4.8% among first-grade children and there are 144,000 new cases
of FASD each year in the United States alone[12]. All diagnostic systems agree that facial
abnormalities are used to define FASD but they disagree on how many need to be present
for diagnosis. It is most consistently described as a structural brain anomaly, head
circumference below the 10th percentile or neurological dysfunction[1]. Common facial
characteristics are a smooth philtrum and short palpebral fissure, as seen in Figure 1.
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Figure 1
Facial Abnormalities Commonly Seen in FAS

Note. Facial features highlighted are capable of being seen in animal models. Adapted
from Reference [6].

Since the late 1990s, studies have shown a relationship between neuropsychological and
behavioral consequences of prenatal exposure to alcohol[13]. FAS does not always lead to
intellectual disability, however those with FAS have a mean IQ score significantly lower
than those with partial FAS and Alcohol-Related Neurodevelopmental Disorder[13,14].
Those affected by prenatal alcohol exposure have issues with problem solving, planning,
concept formation and set shifting when compared to their peers [13,15,16,17]. Alcoholexposed children also have difficulty with learning and memory[18,19]. While prenatal
exposure can cause lower language comprehension early in childhood, this is not seen in
the same children at older ages[20].
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One of the major consequences of prenatal exposure is that the central nervous system
(CNS) of the developing fetus is severely impacted by prenatal exposure to alcohol. Gross
anatomical malformations can help diagnose FASD, the resulting impacts on the CNS can
lead to lifelong cognitive and behavioral deficits [21]. Alcohol exposure interrupts cell
signaling, tissue interaction and migration of neuronal and glial cells[21,22]. Abnormalities
consistently seen in autopsies are microcephaly and microencephaly, or a small head and
small brain[22]. Other abnormalities commonly seen are agenesis of the corpus callosum,
below average sized and poorly formed cerebellum, alobar and semilobar
holoprosencephaly, or the failure to properly divide the brain to hemispheres, and
ventriculomegaly, or abnormally large ventricles[22,23]. While these phenotypes are
commonly observed in individuals with FAS, the quantity of abnormalities and severity
may be dependent on the concentration of ethanol, the point of exposure, and/or exposure
length.

2.2 Existing Animal Models for FASD
Due to the ethical and legal issues with human experiments regarding FASD, animal
models have been critical in understanding and treating FASD. Patten et al. identified 6
major considerations one must take when deciding on an appropriate animal model for
experimentation with alcohol exposure[24]. First, some species can be extremely
susceptible to low ethanol concentrations while others may be immune to its effects.
Second, the stage of development when exposed can affect how ethanol affects the
organism’s development. Third, a model should allow researchers to understand how
ethanol affects proteins and signaling pathways. Fourth, it should be understood how
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ethanol can get into the developing organism. Fifth, it should be possible to view the 4
major signs of deviant development: death, malformation, growth retardation, and
functional defects. The sixth and final consideration is that increasing ethanol
concentration will most likely increase the changes in normal development[24]. From these
considerations, acceptable models such as rodents, nematodes and zebrafish have been
utilized for FASD research[24].

The most popular models currently used for FASD research are rodent models, particularly
mice[24]. Mice models are common across all fields of research and have been used as a
model in FASD since 1981[25]. Mice models allow for a wide range of ethanol
administrations like injections, diets, and oral delivery[24,25,26], however the stress of
these delivery pathways on the mother is also a concern for causing FASD[27].
Furthermore, while it is possible to expose developing mouse fetuses to ethanol through
the mother, the mouse development stage equivalent to a human’s third trimester occurs
following the birth of the mouse, and researchers have to inject the ethanol to continue,
thereby changing the method that the developing organism receives the ethanol[24].
Despite this limitation, the mouse model is still favored in research and many of the
common physical traits associated with FASD can be viewed in the mouse model,
including craniofacial abnormalities like those seen in Figure 1, eye malformation, growth
retardation, and cognitive impairments[24,25,28]. Rat models are similar to mice models,
with the additional benefit of their increased size, however rats are more limited routes of
ethanol administration[24]. Rodents have also been shown to neglect or attack their
offspring due to disease or abnormalities present in them, meaning that in most cases, a
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rodent born with FASD will need to be separated from its mother immediately following
birth, which lead to high levels of stress or change in development thereby affecting the
results[29].

Another model for FASD research are non-human primates, and due to their status as
human’s closest evolutionary ancestor, they are considered the gold standard for FASD
research[24]. Non-human primates have similar fetal development stages and length to
human pregnancies, however the research is so time consuming and expensive that most
studies refrain from using this model due to feasibility[24,30].

Since many of the previous models are time and cost intensive, many studies have focused
on simpler models such as the nematode species C. elegans or the zebrafish. C. elegans is
currently the most common invertebrate species used for FASD research [24]. Simple
invertebrate models offer information on biological development at the cellular, molecular
and genetic levels when compared to the mammalian models[31]. C. elegans in particular
have a well studied embryonic development along with a transparent egg, and an extremely
simple CNS of 302 neurons and 5000 synapses simplifies the model for FASD research
needs[32]. However, unlike mammalian models, C. elegans cannot be exposed to ethanol
via a placental membrane since they hatch from eggs and must instead be exposed through
bath application[31]. C. elegans do offer similar results to mammalian models such as
significant growth retardation, a slowed developmental process, and dose dependent
ethanol effects[24,31].
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Zebrafish are another example of a simple model for FASD research. Zebrafish are a well
understood model that are small, inexpensive, easy to keep, have short development, and
produce a large amount of offspring at once[24]. They have a transparent egg, but unlike
C. elegans, the zebrafish also has a semitransparent body that allows researchers an
opportunity to examine internal effects[33]. Previous FASD research utilizing the zebrafish
embryos exposed to ethanol through bath application have shown similar abnormalities
observed in children with alcohol related birth defects such as growth retardation, abnormal
eye development, cognitive and deficiencies[33].

Overall, the type of model used in FASD research depends on the goal of the research.
Mammalian models' major benefit is their translational relationship to humans that allows
for therapeutic research for future medications, however it is impossible to view any
developmental effects of ethanol without sacrificing the fetus[24]. They are also more
expensive and time consuming. Simpler models' major benefit is their examination of the
effects of ethanol at developmental stages and they are a cheaper model due to their shorter
developmental period[24]. However, the tests done with these models are retrospective,
and none of the models explored offer ethanol’s active effect on functionality and CNS
development as a quantifiable measure. As a result, there is room for a model that allows
for examining ethanol’s impact on CNS development and physical behavior in real time
and in a quantifiable manner. Planaria flatworms have the potential to fit this gap, and this
thesis further establishes the viability for the planarian species Schmidtea mediterranea as
a model for FASD research.
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2.3 Planaria Model
Planaria (Figure 2A) are freshwater flatworms that have been studied for more than 100
years, although they have received more interest recently due to an enhanced understanding
of their sequenced genome and the application of existing molecular characterization tools
[34]. Planaria are the simplest known organism with a central nervous system. Just like in
higher-level organisms, their CNS consists of bilateral symmetry and cephalization[34].
They are also considered one of the simplest organisms to have three tissue layers, bilateral
symmetry, and distinct organs[35]. Since their anatomy consists of a mesoderm, a CNS,
and an excretory system, researchers believe planaria might have been the beginning of
evolution into complex and organized tissue found in evolutionarily advanced
organisms[34]. Planaria have several sub-epithelial glands that secrete mucus that they use
for movement, protection, and adhesion[34]. Planaria also lack respiratory and circulatory
systems, instead getting oxygen through diffusion[35]. This lack of blood will make
measuring blood alcohol level impossible and challenge correlations between alcohol
levels in planaria and mammals. However, as a benchmark for alcohol level normalization,
when studying other simple organisms, Flentke et al. determined that any ethanol
concentration above 2% would be “worthless,” because it would correlate to blood alcohol
levels higher than those achievable in mammals [36].
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Figure 2
Images of Schmidtea mediterranea Planaria

Note. A) Planaria as seen through a microscope. B) Schematic of Planarian biology, not
specific to a particular species. Highlighted are the photoreceptors, which are responsible
for planaria’s photophobic behavior. Picture adapted from Reference [37], Picture B
adapted from Reference [35].
10

The planarian nervous system (Figure 2B) consists of bi-lobed cephalic ganglia at the
anterior end of the planaria, which acts as the planarian’s “brain,” two nerve cords that run
along the length of the body in parallel, a sub-muscular nervous plexus, and sensory
structures such as photoreceptors and chemoreceptors[35]. The cephalic ganglia has an
inverted U-shape structure with nine branches on each side that reach out to the head
surface and act as sensory organs[38]. The two nerve cords connect to the most ventral
cephalic neural cells in the head and are connected in the tail at the sub-muscular nervous
plexus underneath the body-wall musculature[35,38]. The photoreceptors, located on the
anterior-dorsal surface, send signals when exposed to different light levels to the cephalic
ganglia via the third branch, which processes these signals and then directs worm
movement[35]. The chemoreceptors utilize a similar method for chemical signals and send
the signals to the cephalic ganglia via the sixth, seventh, eighth, and ninth branches[35].
This nervous system distribution is extremely similar to vertebrate embryos, however the
planarian CNS is on the ventral side while vertebrates eventually evolved to have the CNS
on the dorsal side[38]. Various neural cell populations have been identified and visualized
in planaria. Among those were dopamine (DA), serotonin, GABA, octopamine,
acetylcholine, and neuropeptides, all of which are important systems studied in other
animal models for FASD[39].
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The primary draw of planaria in CNS research is their developmental plasticity. Newmark
et al. found that planaria can fully regenerate from a piece of tissue that represents 1/279
of the adult organism[35]. This ability is dependent on pluripotent stem cells called
neoblasts that can be stimulated to migrate, grow and divide[35]. These neoblasts are
distributed throughout the parenchyma, the mesodermal tissue between the epidermis and
the gut of the planaria[35]. Researchers have determined that neoblasts are a type of stem
cells for planarians. This was proven with the breakthrough experiment by Baguñà et al.,
where X-ray irradiation caused a loss of neoblasts in planaria and as a result caused an
inability to regenerate[38]. Baguñà et al. discovered that if they introduced neoblasts into
irradiated worms, regenerative abilities and long-term viability were restored to the
planaria[38].
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Figure 3
Different Types of Incisions Utilized in Planaria Regeneration

Note. Highlighted is decapitation, which will be utilized throughout this thesis. Adapted
from Reference [41].

The complete mechanisms responsible for planaria’s wound regeneration are unknown, but
is an active field of study. Kato et al. used molecular markers to examine patterning and
polarity of blastema-like outgrowths that are produced at the junction of dorsoventral
discontinuities[40]. With these markers, the authors were able to establish a new
dorsoventral axis, which is important because they also determined that neoblasts respond
to positional information. Along with wound regeneration, researchers are still trying to
fully characterize neoblasts. The field was able to learn more about how planaria utilize
13

neoblasts with thymidine analogue bromodeoxyuridine, which can label neoblasts[35].
This stain is integrated into the DNA of a cell during the S phase of the cell cycle[35].
Utilizing the bromodeoxyuridine stain has allowed researchers to characterize some
aspects of neoblasts during regeneration. The major attributes discovered are that neoblast
migration is an active process, contributing to the regeneration of blastema and the
differentiation of neoblasts can occur in both an intact worm and a regenerating one[35].

The way that researchers cut the planaria can elicit different responses from the planaria
and change the time required for regeneration[42]. Pagán et al. classified 6 different types
of incisions to the planarian worms (Figure 3) that could be used to affect behavior: intact
(no cut), decapitation, half decapitation, split above ocelli, split below ocelli, and tailless.
The most commonly used incision is the decapitation as that allows insight into cephalic
ganglia (brain) regeneration[42].

The wound repair process is classified into different phases. Within 6 hours of the infliction
of the wound, there is a body-wide proliferation of neoblasts, and within the first 18 hours
there will be a large presence of neoblasts at the wound site[42]. A second peak of localized
proliferation at the wound site occurs after 2 days, where the neoblasts have now begun to
differentiate. This is the beginning of the formation of the blastema[42]. Within 24 hours
of the initial wound, the nervous system begins the healing process and photoreceptor
neurons reappear between 2-3 days after the initial wounding[42]. Overall, complete
regeneration of the photoreceptors, cephalic ganglia, nerve structure and function are
restored between 4 to 7 days of regeneration[42].
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There are several thousands of different planaria species, but the freshwater Schmidtea
mediterranea has become one of the field's primary choices in regards to regenerative
studies[42,43]. Specifically, this is due to Schmidtea mediterranea’s quick regeneration
abilities and stable diploid genome of roughly 4.8x108 base pairs, which is extremely small
when compared to other planarian species[43]. Furthermore, its regeneration ability allows
its head to regrow a body and body to regrow a head, creating an incredible opportunity
where all worms in colonies are genetic clones[43].

Currently, testing for cognitive function of planaria is still in its infancy and not very
extensive. Since photoreceptors are one of the last biological systems to regenerate, they
serve as a useful mechanism to track planaria development. As stated earlier, the
photoreceptors transmit light signals to the cephalic ganglia which subsequently controls
movement[35]. Since the regeneration of cephalic ganglia is necessary for photoreceptors
to work, the planarian’s innate photophobic behavior is a useful, observable, and
quantifiable marker for CNS regeneration. Inoue et al. were one of the first to successfully
analyze this behavior in a quantifiable manner[44]. As seen in Figure 4A, Inoue et al.
placed the planaria into a closed system filled with autoclaved tap water and divided the
system into 4 quadrants (Figure 4B). The system has a light shining into the first quadrant
and then the light would disperse so the fourth and farthest quadrant away was relatively
dark. They then placed a planarian into the system on the border between the first and
second quadrants and recorded the planarian behavior over 90 seconds. Their data, shown
in Figure 4D, coincides with fluorescence staining of photoreceptors and the cephalic
ganglia, showing that full photophobic behavior is not reestablished until day 4-7[42,44].

15

Figure 4
Examples of pLMV Testing Apparatuses

Note. A&B) Example of current video recording apparatuses for pLMV testing. Head
resected planaria move away from light as they regain photophobic behavior due to
regeneration. C) Image of pLMV apparatus. D) Video analysis results of pLMV tests
captured using the apparatus seen in A & B. E) An alternative is shown utilizing grid lines
crossed as a measure of pLMV instead of video analysis. Adapted from Reference [44].
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This analysis has evolved with a more traditional and simpler means of quantification
utilizing graph paper, as seen in Figure 4.E[45,46]. Raffa et al. were the first to utilize this
method in order to allow for a baseline for planarian locomotion[46]. The primary
treatment methods for planaria are exposing the worms to chemicals through a water bath
over various periods of time. Utilizing this method allows for real time study of chemical
effects on planarian locomotion in a quantitative manner, termed planaria locomotive
velocity (pLMV).

In order to promote collaboration amongst laboratories in the future, Alvarado & Newmark
determined that Schmidtea mediterranea would be the most attractive and useful species
for future experiments[35]. The properties deemed necessary for a representative species
were relative ease of laboratory culture, developmental plasticity with both asexual and
sexual reproduction and a small diploid genome when compared to other planarian
species[35]. The sexual and asexual strains of Schmidtea mediterranea can be disguinished
by chromosomal translocation seen only in the asexual strain, which allow ease of study
for genetic regulatory mechanisms in either strain[35]. Both strains of Schmidtea
mediterranea are also able to generate clonal lines from a single animal, satisfying the need
of simple laboratory culture[35]. As a result, Schmidtea mediterranea has become a leading
species in planarian research and as such will be utilized for the studies herein to continue
the continuity and collaboration with other laboratories.
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2.4 Drugs of Abuse in Planaria
The planarian ability to regenerate a full nervous system makes it an ideal candidate for
studying neurodevelopmental impact. In order to better understand the planarian reaction
to dangerous substances like ethanol, researchers have quantified mobility and movement.
When Raffa et al. first published the planarian locomotive velocity test (pLMV), they
paired it with S(-)-sulpiride, a known D2 inhibitor [45]. When the planarians were treated
with this inhibitor, there was a 25-fold decrease in pMLV after 10 minutes[46], suggesting
that this metric is capable of capturing nervous system disruption like dopamine inhibition,
and that dopamine inhibition affects planarian behavior. Pagán et al. extended these
investigations by utilizing the planarian model in common drugs of abuse like nicotine and
cocaine[46]. Specifically, they found that exposing planaria to cholinergic compounds of
nicotine, like exposure to dopamine inhibitors, decreased planarian motility in a
concentration dependent manner. Future research later revealed that agonists for
mammalian D1- and D2- dopaminergic receptors induced screw-like and C-like
hyperkinesia, respectively[40].
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Figure 5
Withdrawal-Like Behaviors

Note. Otherwise known as seizure-like activity seen in planaria exposed to abused
substances. Adapted from Reference [47].

When exposing planaria to chemicals for pMLV tests, Raffa and Desai noted that the
planaria exhibited abnormal behavior following exposure. These withdrawal-like
behaviors, which can be seen in Figure 5, were first classified after exposing planaria to
cocaine and then analyzing their behavior in autoclaved tap water[47]. The behaviors were
called “HeadBop” (Figure 5A), “TailTwist” (Figure 5B), “HeadSwing” (Figure 5C), and
“Corkscrew” (Figure 5D)[47]. “HeadBop” is classified as a “nodding”-like movement
while gliding along the bottom of the container. “HeadSwing” is described as head rotation
while the tail is fixed to the bottom of the container. “TailTwist” is described as bending
the tail tip, and “Corkscrew” is described as spiral rotation while floating[46]. A final
behavior is known as “Squirming” (Figure 5D), however this behavior is normally seen in
conjunction with another behavior. When this happens, this is counted as 1 behavior, so
the “Squirming” behavior is considered more of an additive behavior to one of the other
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withdrawal-like behaviors rather than standing alone[46]. The collection of these behaviors
were classified as Seizure-Like Movements (SLMs) by Rawls et al. in 2009[48].

With this definition of SLMs, Pagán et al. found that nicotine exposure induced SLMs[46].
They also discovered that exposing the worms to 4R-cembranoid blocks nicotine-induced
SLMs, a result also observed in rats[46]. In a different study, Pagán compared SLMs in
planaria exposed to cocaine and nicotine[41]. They discovered a similar dose dependent
response in planaria SLMs over 10 minutes in both drugs; however, nicotine exposure
induced more SLMs over 10 minutes than cocaine did[41]. Pagán et al. continued this
investigation by exposing worms to either chemical during head regeneration. They noticed
that when worms are cut and exposed to one of these chemicals, they become hypokinetic
and move around the stage at a reduced rate, and when regenerating planaria are exposed
to cocaine, SLM activity dropped 95%[41]. In contrast, SLM activity in planaria exposed
to nicotine after full head resection only dropped about 20%[41]. This suggests that
planaria require an intact cephalic ganglia to behaviorally react to cocaine, but it is not
necessary for nicotine. Nicotine’s effects are local, while cocaine’s effects are more
centralized. Unfortunately, their analysis of regenerating worms was not comprehensive
and did not examine any impact on cognitive functionality or any other differences between
experimental groups.

Since the Pagán et al. report, there has been very little progress made in the drugs of abuse
field in regards to planarian regeneration. The Staehle Lab has previously explored and
published work involving planarian regeneration and ethanol exposure[49]. This work
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enhanced the planaria locomotor velocity measurement by combining it with a
quantification of light avoidance phototaxic behavior, and was called the Cognitive
Function Score (CFS). This analysis removes the worms who do not move throughout the
process, despite where they begin the test, and their score increases as the planaria spend
more time in the target quadrant of the stage. Utilizing the CFS analysis method, they
determined that 1% v/v ethanol causes a significant delay in cognitive function
reacquisition[49]. The planaria exposed to 1% ethanol showed a 48 hour delay in mobility
and photophobic behavior reacquisition when compared to the control[49]. They also
confirmed the finding by Flentke et al. that in the planarian model any concentration of
ethanol above 2%v/v would be “worthless”[36]; Lowe et al. showed that any ethanol
concentration above 2%v/v leads to 60% or greater lethality in the planaria, while 2%v/v
and below induced less than 10% lethality[49]. Thus, planaria are responsive to alcohol
exposure, and are an adequate model to further study the effects of ethanol on CNS
regeneration and cognitive performance at low concentrations.

2.5 Dopamine Transporter in Planaria
One system that may underlie alcohol’s effects in planarian CNS is dopamine and
dopaminergic signaling. Dopamine has been shown to control locomotor activity in
planaria [46], and dopaminergic ligands present in common drugs of abuse like those in
cocaine have been tied to SLMs in planaria[45].
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As part of the dopamine pathway, dopamine transporter (DAT) is a presynaptic protein that
regulates extracellular dopamine concentration[50]. DAT is actively targeted by common
drugs of abuse, such as cocaine[50], and the effect on dopamine systems is conserved
across species. Facciol et al. determined that ethanol-exposed zebrafish had significantly
lower levels of dopamine compared to controls[51]. It has also been shown that alcoholic
patients have low levels of dopamine, specifically D2 receptors[52]. Thus, dopamine
systems may play a role in ethanol's effects in CNS, but that ethanol-induced impacts on
CNS development and its role in the etiology of FASD are unknown and unstudied.
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Figure 6
Dopamine Neurons in Dugesia japonica Planaria

Note. Cells visualized by confocal microscopy of planaria coexpressing tyrosine
hydroxylase (DjTH) antibodies and aromantic amino acid decarboxylase-like A
(DjAADCA) antibodies. Coexpression of the antibodies, like those highlighted with
circles, indicates dopaminergic neurons. This shows that planaria have extensive
dopaminergic neurons throughout the CNS. Image adapted from source [53].
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There is limited insight into dopaminergic activity in planaria. Nishimura et al. were able
to visualize the dopamine neural network in the planarian species Dugesia japonica[53].
They accomplished this by staining planaria for tyrosine hydroxylase (DjTH) and
aromantic amino acid decarboxylase-like A (DjAADCA), which is thought to occur in
dopamine neurons. The planarian dopamine cells that fluoresce both DjTH and DjAADCA
can be seen in white in Figure 6. Using this staining method, Nishimura et al. found that
dopamine neurons are concentrated highly in the cephalic ganglia and surrounding tissue
in the planaria[53]. This study shows a robust dopamine system in the planarian model,
however it has not been studied extensively in regeneration or in conjunction with neuronaltering compounds, such as alcohol. Unfortunately, these studies are prohibitively timeand resource-intensive and have not been conducted in Smed.

2.6 Planaria as a Model for FASD
In this thesis, we show that Schmidtea mediterranea are a viable model to study FASD and
ethanol’s impact on nerve development. Smed presents an opportunity to investigate
alcohol’s effects on neuroregeneration, and hence, perhaps, neurodevelopmental processes.
Specifically, there is mounting evidence that dopaminergic systems may be involved in
ethanol-derived effects. In this work, we will use the head-regenerating planaria’s ability
to fully regenerate its nervous system and cephalic ganglia in a FASD-like environment.
Light avoidance testing previously described will be used as a functional measurement of
CNS development. Utilizing a fluorescent ligand, we will characterize DAT expression in
Schmidtea mediterranea. The experimental design to obtain these results are outlined in
Chapter 3.
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Chapter 3
Materials and Methods
3.1 Planaria
A population of Schmidtea mediterranea planaria were obtained from the SanchezAlverado Lab at the Stowers Institute for Medical Research. This colony of planaria was
used for all experiments. The planaria utilized are clonal and genetically identical.

3.2 Planaria Care
The planaria colony was separated into plastic containers containing “planaria water”: a
low salt, deionized water treated with gentamicin. Each container was inhabited by
approximately 100 planaria. The containers were kept covered but unsealed to allow
airflow to the planaria. The planaria were kept in the Staehle Lab in an incubator
maintained at 22℃. To create the “planaria water”, stock salt solutions were prepared as
follows: 50mL Falcon Conical Centrifuge Tubes were filled with 50mL of deionized water
and their respective salt weight, as shown in Table 1. Each Falcon tube was mixed using a
Benchmark Bench Mixer until the salt was fully dissolved. A 15L bottle was filled with
12.2L of deionized water, then each dissolved salt concentration was mixed into the 15L
container. The solution was then spiked with 1.25mg of gentamicin (GM), an antibiotic
added to prevent exogenous growth and limit infection and disease, and shaken until the
gentamicin was completely dissolved.
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Table 1
Salt Masses Utilized in Planarian Water
Chemical

Mass (g)

Molarity (mM)

MgSO4

1.5046

1.0

KCl

0.0932

0.05

CHNaO3

1.2601

1.2

NaCl

1.1689

1.6

CaCl2

1.38377

1.0

Cl2Mg

0.1190

0.1

Note. All solutions are made with 50mL deionized H20.

The planaria colony was fed pureed calf liver once per week. The liver is stored at -20℃.
Each planaria container is given a pea-sized portion of thawed liver which is placed directly
into the water. Feeding occurs for 1 hour, and excess planaria water was reduced to limit
the dispersion of the liver in the container, increasing the likelihood that all the planaria
will have access to the liver. The planaria water is changed after the 1 hour feeding and
again 2 days later to limit waste buildup.

3.3 Ethanol Preparation
Three different concentrations of ethanol were prepared by combining GM-treated Planaria
water with 200 proof ethanol to create 100 mL of 1% v/v, 1.5% v/v, and 2% v/v ethanol.
These concentrations were periodically recreated throughout the experiments to limit
evaporation and particle contamination. Excess ethanol concentrations were stored in
sealed 50 mL containers.
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3.4 High-Throughput Machine for Planaria Analysis
Our high-throughput machine is a custom apparatus capable of video analysis of light
avoidance behavior[54]. It offers custom light patterns and methodologies to ensure that
light avoidance behavior is appropriately assessed. Specifically, once the planaria are
placed in their custom pods and placed into the machine, light is emitted on a portion of
the pod, forcing the worms that can elicit a photophobic response to move to the dark area
of the pods. When the experiment begins, the light exposure switches. This priming step
ensures the worms that are capable of eliciting a photophobic response begin the
experiment in the light, and any planaria incapable of eliciting a photophobic response are
appropriately scored as such. Integrated cameras capture video that is analyzed in Fiji and
R Studio to provide tracking data for each individual worm. For all experiments herein,
light exposure was such that half the chamber was illuminated throughout the experiment,
and movement was tracked for 90 seconds.

3.5 Experimental Design
All experiments utilized planaria from the same colony and subjected them to ethanol or
control planaria water. The purpose of these experiments was to further study the effect of
ethanol on CNS regeneration. It has previously been reported that planaria can be
conditioned and can contain a circadian clock for hormone synthesis[55,56]. Therefore, to
ensure no complications from these behaviors, the planaria were tested once a day at the
same time of day and a new group of planaria were used for each experiment.
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3.5.1 Ethanol’s Effect on Seizure-Like Movement (SLM)
As described in Section 2.4, SLMs have been observed in planaria following exposure to
exogenous chemicals and drugs of abuse and have been used to quantify withdrawal-like
behavior characteristic of drug-induced disruption of neuronal function. To characterize
SLM responses to alcohol, 20 planaria worms were divided into 4 even groups, with each
group assigned to one of the concentrations of ethanol or as a control: 0%, 1% v/v, 1.5%
v/v, or 2% v/v. Each group was placed within their respective concentration and
immediately recorded using our custom high throughput testing apparatus for 5 minutes.
The worm groups were then returned to petri dishes filled with planaria water. Forty-eight
hours after the initial exposure, the worms were returned to their experimental conditions
and immediately recorded for 5 minutes. The videos were then analyzed by 3 researchers
to count the number of SLMs during each 5 minute observation. SLMs were categorized
as any of the behaviors seen in Figure 5, and the worm had to return to normal behavior
before another SLM could be counted.

3.5.2 Ethanol’s Effect on Photophobic Behavior in Planaria
In order to assess ethanol’s effect on photophobic behavior, the custom high throughput
testing apparatus was utilized to test intact (non-regenerating) worms across a long-term
exposure. Forty planaria worms were divided into 4 even groups: control (0%), 1%, 1.5%,
and 2% ethanol. The planaria were exposed to their assigned concentration in 50mL
volume experimental solution in petri dishes. To align with regeneration experiments,
experimentation began on day 4, wherein the planaria were removed from their petri dish
and placed into a high throughput machine pod, maintaining the planaria’s exposure to
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their assigned ethanol concentration throughout the process. The planaria were then
recorded for 90 seconds using the high throughput machine. Following the recording, the
planaria were returned to their assigned petri dish. This recording process was repeated
every 24 hours, up to day 8. The recordings were then processed using custom Fiji and R
studio scripts to track their position and calculate a planaria photophobic behavior index
(pPBI). The pPBI metric combines photophobic ability, light avoidance, and mobility into
a single metric. The higher the pPBI score, the more effective and efficient the light
avoidance behavior is.

Figure 7
Diagram of the Protocol Described in Section 3.5.2

Note. Whole planaria were exposed to control, 1% v/v, 1.5% v/v or 2% v/v ethanol. Starting
on day 4 and every 24 hours after the planaria were video recorded utilizing the high
throughput machine, and the videos were analyzed in Fiji and R studio to obtain pPBI
scores for each group.
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3.5.3 Examining Ethanol’s Effect on Photophobic Behavior in Head Regenerating
Planaria
Photophobic behavior is relatively complex, requiring photoreceptor activity and
coordinated locomotion. In fact, one of the last things to develop in regenerating planaria
is their photoreceptors, so photophobic behavior can be used to estimate the completion of
the regeneration process[35]. In order to assess the reacquisition of cognitive ability and
photophobia, 80 planaria heads were resected just below the pigment change line. The 80
planaria were divided into 4 even groups and assigned an alcohol concentration as before
(0, 1%, 1.5%, or 2%). Starting on day 4, the planaria groups were removed from their petri
dish and transferred to a high throughput machine pod, maintaining the planaria’s exposure
to their assigned ethanol concentration throughout the process. The pods were then placed
into the high throughput machine and recorded for 90 seconds. Following the recording,
the planaria were returned to their assigned petri dish. This recording process was repeated
every 24 hours, up to day 8. The recordings were then processed using Fiji and R studio to
track their position and calculate pPBI scores using the following formulas.

Priming Factor = {0,1} where 0= failed priming, 1 = passed priming
𝑇𝑟𝑎𝑐𝑘 𝐿𝑒𝑛𝑔𝑡ℎ

Movement = # 𝑜𝑓 𝐹𝑟𝑎𝑚𝑒𝑠 𝐴𝑛𝑎𝑙𝑦𝑧𝑒𝑑
% Time in Dark =

# 𝑜𝑓 𝐹𝑟𝑎𝑚𝑒𝑠 < 170 𝑔𝑟𝑒𝑦𝑠𝑐𝑎𝑙𝑒 𝑝𝑖𝑥𝑒𝑙 𝑣𝑎𝑙𝑢𝑒
# 𝑜𝑓 𝐹𝑟𝑎𝑚𝑒𝑠 𝐴𝑛𝑎𝑙𝑦𝑧𝑒𝑑

pPBI Score = Priming Factor * % Time in Dark * Movement
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(Equation 1)
(Equation 2)
(Equation 3)
(Equation 4)

Figure 8
Diagram of the Protocol Described in Section 3.5.3

Note. Head resected planaria were exposed to control, 1% v/v, 1.5% v/v or 2% v/v ethanol.
Starting on day 4, every 24 hours the planaria were video recorded utilizing the high
throughput machine, and the videos were analyzed in Fiji and R studio to obtain pPBI
scores for each group.

3.5.4 Characterizing Ethanol’s Effect on Regeneration With and Without Previous
Exposure
Lowe et al. showed that exposure to 1% ethanol induced a delay in photophobic behavior
reacquisition. These planaria were exposed to alcohol throughout the experiment, in a
similar manner to the animals described herein. In order to ascertain whether ethanol acts
via lasting changes to neoblasts or whether alcohol exposure affects the molecular
processes involved in regeneration, we designed a series of experiments that included preexposure. To start, 80 worms were separated into 2 even groups of 40. One group was
placed into control planaria water and the other was exposed to 1.5% v/v ethanol. After 48
hours of initial exposure, all planaria had their heads resected below the pigment change
line. The 2 previous groups were divided evenly again into 4 total groups. Twenty planaria
initially exposed to control planaria water were placed back into control (CC), 20 planaria
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initially exposed to 1.5% ethanol were placed into control (EC), 20 planaria initially
exposed to control planaria water were exposed to 1.5% ethanol (CE), and 20 worms
initially exposed to 1.5% ethanol were placed back into 1.5% ethanol (EE). Like the other
experiments, starting on day 4, the planaria groups were removed from their petri dish and
transferred to a high throughput machine pod, maintaining the planaria’s exposure to their
assigned ethanol concentration throughout the process. The pods were then placed into the
high throughput machine and recorded for 90 seconds. Following the recording, the
planaria were returned to their assigned petri dish. This recording process was repeated
every 24 hours, up to day 8. The recordings were then processed using Fiji and R studio to
track their position and calculate pPBI scores.

Figure 9
Diagram of the Protocol Described in Section 3.5.4

Note. Whole planaria were exposed to control or 1.5% v/v ethanol. After 48 hours of initial
exposure, both planaria groups had their heads resected and were divided equally and
exposed to control or 1.5% v/v ethanol. Starting on day 4, every 24 hours the planaria were
video recorded utilizing the high throughput machine, and the videos were analyzed in Fiji
and R studio to obtain pPBI scores for each group.
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3.5.5 Utilizing Fluorescently Labeled Ligands to Characterize DAT Expression
The planarian nervous system is similar in many ways to those seen in mammals, however
there are few available fluorescent stains or planarian antibodies. Recently, the Newman
lab at the National Institute of Health developed a novel fluorescently labeled cocaine
analogue MFZ2-12 that was conjugated with rhodamine-based Janelia Fluorophores to
create a new fluorophore stain called JHC1-064[57]. This ligand fluorescent stain allows
for the visualization of dopamine transporter (DAT) while lowering the protocol length to
1 day, compared to the 5 day process needed for CNS visualization with antibody stains.
This fluorescent molecule binds to DAT molecules in a non-antibody way, and thus may
even have potential applicability in live staining.

To visualize the planarian dopamine system with this novel fluorophore, we developed a
new protocol. Protocol elements were combined from work by Morris and Bealer[58],
Richardson[59], and Newman[57]. Specifically, planaria were starved one week prior to
undergoing DAT staining per standard planaria procedures, then worms exuding healthy
behavior and size were selected. The DAT ligand stock solution (10mM, from A. Newman,
dissolved in 100% DMSO) was stored at -80°C and once thawed, diluted in PBSTB to
create a 20nM solution. The solution was vortexed to mix thoroughly, and then covered
with aluminum foil to limit light exposure. The fixation process involved placing the
planaria on an ice bath to elongate, then removing any solution and exposing the planaria
to 2% HCl for 5 minutes. The planaria were transferred to a new centrifuge tube and nutated
in Carnoy’s solution for 2 hours at 4°C. Afterwards, the planaria were washed with
methanol to remove the excess Carnoys and nutated for 2 minutes.
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The rest of the procedure was conducted at 4°C in the dark. After removing the planaria
from the methanol, the worms were washed with nutation in PBSTB for 5 minutes. The
planaria were then transferred to a new centrifuge tube and then exposed to 50μl of the
20nM DAT ligand with nutation for 15 minutes. After the 15 minute exposure, the worms
were washed in PBSTB for three 15 minute washes. Following the third wash, the planaria
were placed on microscope slides and imaged utilizing a confocal microscope. The slides
were stored at 4°C.
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Chapter 4
Results
4.1 Ethanol-Exposure Induces Dose-Dependent Seizure-Like Movements
Traditional seizure-like movement (SLM) measurements were collected for intact worms
exposed to 0, 1% v/v, 1.5% v/v, and 2% v/v ethanol, as described in Section 3.5.1.
Concentrations above 2% were not assessed, because as stated in Chapter 2, any
concentration above 2%(v/v) ethanol may be considered “worthless” in simple organism
systems [36]. This holds true in planaria, as ethanol concentrations above 2%(v/v) lead to
death of the planaria and tissue disintegration [49]. Here planaria were recorded after initial
exposure and again 48 hours later to assess tolerance. The videos were analyzed by 3
researchers who determined whether a worm was exhibiting SLM. Figure 10 shows the
results of this SLM testing.
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Figure 10
Planarian SLM Activity per 5 Minute Exposure to Ethanol

Note. Average seizure-like movement seen in various concentrations (%v/v) of ethanol. 5
planaria per group were exposed to each concentration, removed from the ethanol back
into GM treated deionized water and after 48 hours reintroduced to the same ethanol
concentration. As concentration increased there were more SLMs detected, however there
were no observable changes in SLM activity detected after removal from ethanol exposure
for 48 hours. Error bars show inter-rater variability 95% confidence intervals, not repeated
measures.

Planarian SLM activity showed a positive correlation with ethanol concentration. At initial
exposure, the average control planaria experienced 0.46 SLMs over a 5 minute period, 1%
and 1.5% ethanol exposed planaria experienced an average 0.8 SLMs and 2% ethanol
exposed planaria experienced an average 1.86 SLMs. There were no observable differences
in SLM activity between the initial exposure and 48 hour exposure, indicating that short
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exposures do not induce tolerance or acclimation. The increased ethanol concentration has
a clear impact on SLM activity, suggesting planaria exhibit a dose-dependent response to
ethanol.

4.2 Ethanol Exposure Induces a Dose-Dependent Impact on Photophobic Behavior
While SLM activity has been utilized as a measure of withdrawal-like behaviors in planaria
over the past decade, it is a subjective measurement that is prone to human error in counting
SLM activity. The raw data (Appendix A) shows that the researchers in this lab rarely
recorded the same observable SLMs while looking at the same recording, highlighting the
subjectivity of this type of test. The field has tried to offer more quantitative results to
measure behavioral impact using grid line crossings and pLMV, however this too is a low
throughput method that offers little in terms of qualitative analysis of cognitive behavior.

Our automated analysis tracks planaria movement away from a light stimulus, offering
more a quantitative analysis of cognitive behavior. We hypothesize that the planaria would
continue to elicit a dose dependent response, where higher ethanol concentrations would
lead to less planaria mobility, resulting in lower pPBI scores. To test this hypothesis, we
conducted an experiment over the course that an average healthy planaria would require to
fully regenerate (4-7 days) in order to facilitate comparisons between these intact worms
and future experiments with regenerating worms. The results of this behavioral experiment
are shown in Figure 11.
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Figure 11
Photophobic Behavior in Planaria Exposed to Ethanol

Note. Photophobic behavior of intact planaria exposed to planaria water, 1% ethanol, 1.5%
ethanol and 2% ethanol. 1.5% and 2% ethanol had minimum photophobic behavior that
was measurable, whereas planaria exposed to 0% and 1% ethanol displayed statistically
indistinguishable light avoidance behavior.

Error bars shown are 95% confidence

intervals. Time-point specific 2-tailed Student’s t-test significant (p<0.05) differences
between groups are noted as: (*: C vs 1%, #: C vs 1.5%, !: C vs 2%, @: 1% vs 1.5%,
&: 1% vs 2%, % : 1.5% vs 2%.)
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Exposure to 1%(v/v) ethanol was not significantly different from the control worms. On
the other hand, planaria exposed to 1.5% and 2% (v/v) ethanol were significantly impacted
and lost their photophobic behavior. We observed that planaria exposed to higher
concentrations of ethanol required a longer exposure to light to be stimulated out of their
resting condition. This may suggest that a longer testing time would diminish some of the
observed differential, however, the excessive lethargy in these populations would
propagate there as well. Ethanol exposure induces a dose-dependent impact on light
avoidance behavior in intact planaria.

4.3 Ethanol Exposure Induces a Delay in Head Regenerating Planaria
Our previous results showed that planaria exhibit a behavioral response to ethanol. To
confirm that ethanol does impact CNS development and regeneration time, we examined
morphological inspections using microscopy. Planaria heads were resected, then headregenerating tail pieces were immediately placed into an ethanol concentration (0%, 1%,
1.5% 2% v/v). Every 24 hours, an image was captured to visualize anatomical features
throughout the regenerative process. These images are shown in Figures 12-16.
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Figure 12
Microscopy Images of Head Regenerating Planaria in Control

Day 0

Day 1

Day 6

Day 7

Day 4

Day 5

Note. Planaria start to regain light pigmentation in their anterior region around day 5 and
their photoreceptors are visible between day 5-6, highlighted by the red arrows.

The photoreceptors are one of the last structures to develop after head resection and are
necessary for reacquisition of photophobic behavior. As previously reported, function is
restored to the planaria between 4-7 days post resection [41]. Figure 12 shows that the
pigmentation of the head is visible 5 days post resection, and the photoreceptors are clearly
visible between days 5 and 6. A similar procedure was performed in planaria exposed to
1%, 1.5% and 2% v/v ethanol. These images can be seen in Figure 13, Figure 14, and
Figure 15 respectively.
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Figure 13
Microscopy Images of Head Regenerating Planaria in 1% v/v Ethanol

Day 0

Day 1

Day 6

Day 7

Day 4

Day 5

Note. Planaria start to regain their light pigmentation in their anterior region around day 5
and their photoreceptors are visible at day 6, highlighted by the red arrows. This is
approximately one day later than seen in control worms.
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Figure 14
Microscopy Images of Head Regenerating Planaria in 1.5% v/v Ethanol

Day 0

Day 1

Day 4

Day 6

Day 7

Day 8

Day 5

Note. Planaria start to regain their light pigmentation in their anterior region around day 6
and their photoreceptors are visible between days 7-8, highlighted by the red arrows. This
is approximately two days later than control and one day later than 1% v/v ethanol
exposure.
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Figure 15
Microscopy Images of Head Regenerating Planaria in 2% v/v Ethanol

Day 0

Day 1

Day 4

Day 5

Day 6

Day 7

Day 8

Day 9

Note. Planaria start to regain their light pigmentation in their anterior region around day 7
and their photoreceptors are visible between day 8-9, highlighted by the red arrows. This
is approximately 3 days later than control, 2 days later than 1% v/v ethanol exposure, and
1 day later than 1.5% v/v ethanol exposure.
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Figure 16
Combined Microscopy Images of Head Regenerating Planaria in 1% v/v Ethanol

Note. Images were captured until photoreceptors were visibly regenerated and photophobic
behavior was reacquired. 1% ethanol exposure induced a small delay on the photoreceptor
regeneration when compared to control regenerating in planaria water, 1.5% showed an
additional one day delay in regeneration and 2% showed an additional 2 day delay.
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Once exposed to ethanol, there is a visible delay in head regeneration of the planaria. This
can be viewed through both light pigmentation and photoreceptor regeneration. In planaria
exposed to 1% v/v ethanol, there is a one day delay in head regeneration when compared
to control (Figure 13), which aligns well with behavioral results. 1.5% v/v ethanol-exposed
planaria regained their light pigment in the anterior region on day 6 and photoreceptors
could be clearly observed between days 7-8 (Figure 14). Planaria exposed to 2% v/v
ethanol regained the light pigment on day 7 and their photoreceptors were observed
between days 8-9 (Figure 15). Taken together, every 0.5% v/v ethanol increase delays head
regeneration in planaria by approximately 1 day. These images show ethanol significantly
impacts planarian regeneration, and implies a dose-based response to ethanol that matches
the behavioral responses.

4.4 Ethanol Concentration Impacts Photophobic Behavior in Head Regenerating
Planaria
The results obtained from the SLM activity and the anatomical regeneration experiments
confirmed that the planaria exhibit a dose dependent response to ethanol. To quantify the
impact ethanol has on CNS functional development, an expansion of the previous
photophobic behavior analysis was necessary. Planaria were separated into 4 groups, each
being assigned an ethanol concentration (0%, 1%, 1.5%, 2%). To reduce experimental
variability and to take into account circadian rhythm, the light avoidance tests were
conducted simultaneously and at the same diurnal time during consecutive days. A control
was established by examining planaria regenerating in planaria water.
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Figure 17
Photophobic Behavior in Regenerating Planaria Exposed to Ethanol

Note. Ethanol significantly impacts average pPBI score in head regenerating planaria
compared to the control group. Error bars show 95% confidence intervals. Time-point
specific 2-tailed Student’s t-test significant (p<0.05) differences between groups are noted
as: (*: C vs 1%, #: C vs 1.5%, !: C vs 2%, @: 1% vs 1.5%, &: 1% vs 2%, % : 1.5% vs 2%.)

After head resection, the worms regenerated in their assigned concentration of Ethanol. On
day 4, all the worms were tested simultaneously and recorded for a 90 second interval using
the high-throughput testing apparatus. At day 4, the control planaria had a significantly
higher pPBI score compared to the ethanol exposed groups. As the experiment progressed,
the ethanol exposed planaria regained their photophobic behavior closer to that seen in the
control group. These delays mimic those seen previously in low levels of alcohol[48], and
demonstrate exacerbated effects in worms exposed to greater ethanol concentrations.
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4.5 Dose-Dependent Impact of Ethanol on CNS Regeneration
Thus far, we have shown that ethanol has an impact on the planaria and on the regeneration
rate, but we have not clearly shown a dose-dependent impact in CNS regeneration.
Utilizing immunohistochemistry and fluorescence microscopy, it is possible to visualize
the planarian CNS while it undergoes regeneration. Our lab has previously reported that
ethanol exposure during head regeneration causes a delay in the reacquisition of
photophobic behavior[48], yet, there is an opportunity to explore a dose-dependent delay
of CNS regeneration in head resected worms. To visualize the impact ethanol has on CNS
regeneration, the planaria were separated and exposed to a concentration of ethanol (0%,
1%, 1.5% and 2%). After a given duration of regeneration in their respective ethanol
concentration, the worms were immunostained with an anti-Synorf1 antibody that stains
synapses in the CNS, as previously described[57]. Based on the anatomical observations
of Section 4.3, samples were collected on days 5, 6, 7, and 8. The resulting images are
shown in Figure 18 (Control), Figure 19 (1% v/v ethanol), Figure 20 (1.5% v/v ethanol)
and Figure 21 (2% v/v ethanol).
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Figure 18
Confocal Microscopy Images of Head Regenerating Planaria in Control

Day 5

Day 6

Day 7

Day 8

Note. Synorf1 (a synaptic protein) was stained with anti-Synorf1 antibodies as described
in [57]. The two bilateral ventral nerve cords can be seen running parallel throughout the
body. The cephalic ganglia is clearly visible on Day 5, located at the anterior of the planaria
and highlighted by the red circle, combining both CNS branches.

Figure 19
Confocal Microscopy Images of Head Regenerating Planaria in 1% v/v Ethanol

Day 5

Day 6

Day 7

Day 8

Note. The cephalic ganglia is clearly visible on Day 6, located at the anterior of the planaria
and highlighted by the red circle, combining both CNS branches. This is approximately 1
day behind control planaria.
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Figure 20
Confocal Microscopy Images of Head Regenerating Planaria in 1.5% v/v Ethanol

Day 5

Day 6

Day 7

Day 8

Note. The cephalic ganglia is clearly visible on Day 7, located at the anterior of the planaria
and highlighted by the red circle, combining both CNS branches. This regeneration of the
cephalic ganglia is approximately 1 day behind 1% v/v ethanol and 2 days behind control
planaria.

Figure 21
Confocal Microscopy Images of Head Regenerating Planaria in 2% v/v Ethanol

Day 5

Day 6

Day 7

Day 8

Note. The cephalic ganglia is clearly visible on Day 8, located at the anterior of the planaria
and highlighted by the red circle, combining both CNS branches. This regeneration of the
cephalic ganglia is 1 day behind 1.5% v/v ethanol, 2 days behind 1%v/v ethanol, and 3
days behind control planaria.
49

Figure 22
Combined Confocal Microscopy Images of Head Regenerating Planaria in Ethanol

Note. The cephalic ganglia is located at the anterior of the planaria, combining both CNS
branches. In the control, the regeneration of the cephalic ganglia is clearly visible on Day
5. 1%v/v delays this regeneration to day 6, 1.5% v/v delays regeneration to day 7, and 2%
v/v delays this regeneration to day 8.
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4.6 Prior Acute Exposure to Ethanol Does Not Impact Regeneration
We have shown that ethanol impacts CNS regeneration through behavioral testing,
regeneration testing, and immunohistochemistry. It is clear that alcohol affects the
molecular processes underlying regeneration. We hypothesized that alcohol impacted
planarian neoblasts’ ability to differentiate. If this were true, exposing planaria to ethanol
prior to head resection would alter the regeneration process. In order to examine this,
planaria were exposed to 1.5% v/v ethanol before and/or after head resection. The four
planaria groups (CC, CE, EC, and EE) were initially exposed to their assigned alcohol
solution for 48 hours, after which their heads were resected and they were transferred into
a new testing solution. Behavioral light avoidance tests were conducted from days 4-8 to
monitor the reacquisition of photophobic behavior.

This test directly compares planaria exposed to ethanol before and after head resection, and
tests the hypothesis that ethanol affects neoblast differentiation. Figure 23 shows the
comparison between the planaria exposed to ethanol prior to and post head resection. As
expected, the worms regenerating in ethanol show a delay in pPBI score compared to
worms regenerating in control water. Interestingly, pre-exposure to ethanol seems to have
no effect, suggesting that ethanol does not induce any lasting or substantial impact to
neoblasts, and that the alcohol-induced delays occur directly on the processes of
regeneration.
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Figure 23
Ethanol’s Effect on Regeneration With and Without Previous Exposure

Note. Planaria groups regenerating in control are similar and planaria groups regenerating
in ethanol are similar. Planaria regenerating in ethanol have lower pPBI scores than those
in control. This data suggests that previous exposure to ethanol does not impact the
neoblasts’ differentiation or cell regulation and instead must directly influence the
molecular processes of regeneration. Time-point specific 2-tailed Student’s t-test
significant (p<0.05) differences between groups are noted as: (*: C vs 1%, #: C vs 1.5%,
!: C vs 2%, @: 1% vs 1.5%, &: 1% vs 2%, % : 1.5% vs 2%.)
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4.7 Characterization of Dopamine Active Transport Expression in Planaria
As discussed in chapter 2, dopamine controls locomotor activity in planaria and is inhibited
in humans by ethanol consumption[49, 51]. As seen throughout chapter 4, ethanol
negatively impacts the locomotive behavior of planaria, both intact planaria and throughout
the regeneration process. As such, we hypothesize that dopamine systems play a
predominant role in alcohol-related effects in planaria. Unfortunately, there has been little
research into dopamine in planaria, despite that it is rather well characterized in FASD in
other animal models[50].

Typically, spatiotemporal characterizations of dopaminergic systems require extensive
antibody-based immunohistochemistry, like those in Section 2.5. This process is effective
only if there are suitable antibodies, which has been a challenge in planaria research,
leaving many gaps in our molecular characterizations.

A recent advancement in

fluorescently tagged ligands has granted a potential opportunity to fill this gap in
knowledge at an expedited speed. The Newman lab at the National Institute of Health
developed a novel fluorescently labeled cocaine analogue, where MFZ2-12 was conjugated
with rhodamine-based Janelia Fluorophores to create JHC1-064[56]. The JHC1-064 ligand
has high binding affinity to the dopamine transporter (dopamine active transporter, or
DAT). DAT is a critical component of the dopamine system, controlling extracellular
dopamine concentration[49]. This pathway is commonly targeted by both drugs of abuse
and therapeutics[56]. The Newman lab confirmed high binding affinity of JHC1-064 to
DAT by potent inhibition of dopamine uptake in DAT transfected CAD cells[56]. To our
knowledge, antibodies for DAT, similar to those used for the CNS in section 4.4, and
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JHC1-064 have never been utilized in planaria. Unlike traditional immunohistochemistry,
this fluoroligand staining is a rapid 1 day process as opposed to the 4 day
immunohistochemistry antibody-based staining process.

We were able to successfully develop a new method for utilizing JHC1-064 in planaria.
One of the more fascinating aspects of planaria is that fluorescence labels can be used in a
whole-mount rather than limited to individual cells or tissue slices, like most mammals.
Utilizing this novel fluorescent ligand, we have shown that it is possible to rapidly
characterize the location of DAT in planaria, as seen in Figure 24.
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Figure 24
DAT Localization Intact Planaria Exposed to 20nM JHC1-064

Note. Fluorescence indicates DAT expression. Fluorescence is spread throughout the body
but concentrated along the bilateral CNS.
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To our knowledge, Figure 24 is the first depiction of DAT in planaria. It is also the first
successful use of the JHC1-064 ligand in a non-mammalian system. Figure 24 shows DAT
spread throughout the planaria, with high concentrations around its bilateral central
nervous system and digestive tract. Small amounts of DAT can be seen diffusely
throughout the planaria, which may be explained by the fact that planarian CNS innervates
the entire organism, including branches towards the surface to react to external stimuli[38].
This promising technique provides numerous opportunities for spatiotemporal
characterization of dopaminergic systems, and avenues for other staining with
development of additional fluoroligands.
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Chapter 5
Conclusions and Future Research

The research performed and described throughout this thesis supports the initial claim that
planaria can be utilized as a novel model for studying FASD. Our data demonstrate that
ethanol exposure impacts planaria in a dose-dependent manner in anatomical, behavioral,
and regenerative contexts. Importantly, through development of a protocol for fluorligand
staining in planaria, we also provided a platform for future research into DAT
characterization and beyond.

By looking at the whole field of planaria research since the resurgence in the early 2000s,
our lab has coupled trusted analysis methods with a novel, breakthrough, high-throughput
analysis method. Exploiting this system for characterizing planaria as a model for FASD,
we have been able to show that SLMs are a valid and useful tool for determining a
chemical's future impact on planarian behavior. However, this method could only be used
in small time frames and the analysis was very subjective, depending on the researcher to
quantify the SLMs accurately. Another trusted method of chemical impact in planaria is
planarian locomotor velocity, whose value is determined by how many lines a planaria
crosses over grid paper. This again relies on the researcher’s judgment to determine what
constitutes a line crossed, and also gives the opportunity of false readings by planaria who
showcase very little mobility but may wiggle over the same line continuously over the
experiment.
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The automated analysis in our high-throughput testing apparatus offers an unbiased video
analysis of the impact of chemicals on planarian photophobic behavior, offering a pPBI
score based on several attributes of planarian behavior. This machine improves current
video analysis methods by priming the worms before recording, offering light from the top
rather than the side, and allows multiple tests with various chemicals to be conducted at
one time.

Utilizing our machine, we confirmed a behavioral dose-dependent response to ethanol
exposure. Testing showed no significant difference in intact planaria between planaria
exposed to control planaria water and those exposed to 1% v/v ethanol. 1.5% v/v ethanol
showed an inhibited photophobic behavior and 2% v/v had very little activity over the 8
day testing period. This data suggests that planaria are affected by alcohol exposure in a
dose-dependent manner.

Preliminary head regeneration testing showed that starting at 1% v/v ethanol, planaria
experience a one day delay in regeneration milestones for every 0.5% v/v increase in
ethanol concentration, particularly in the regeneration of the photoreceptors. These results
were confirmed with immunohistochemistry images of the planarian’s CNS regeneration,
which depicted a delay in cephalic ganglia regeneration in a similar pattern seen in the
preliminary testing. Since the photoreceptors are one of the last milestones to regenerate in
head resected planaria, photophobic behavior is an easy measurement of the reacquisition
of cognitive function. Photophobic behavior tests demonstrated a delay in reacquisition of
photophobic behavior in head regenerating planaria exposed to ethanol. We also showed
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that this impact is due to the direct exposure to ethanol and ethanol does not fundamentally
change neoblast differentiation in non- regenerating planaria, as planaria regenerating in
control water performed better than planaria regenerating in ethanol, despite whether they
were exposed to ethanol prior to head resection or not.

Most notably, this thesis demonstrated the first known use of the JHC1-064 cocaine
analogue fluorophore stain in a planarian model, as well as the first known use of the stain
in a non-mammalian species for DAT characterization analysis. As expected, the
fluorophore concentrated around the planarian CNS. This proof of concept could lead to
the development of future fluorescent stains utilizing similar methods and may one day
allow live fluorescent staining of planaria.

Patten et al claimed there were 6 major considerations for an appropriate FASD model[24].
This thesis has proven that the planaria are susceptible to low ethanol concentrations, have
measurable functional reactions to ethanol, and a dose dependent response to ethanol.
Planaria also offer a cheap model with a simple biology with the added benefit of an
extremely short development time. Unlike the current simple organism models for FASD,
planaria offer the opportunity to view the impact of ethanol on CNS functionality in real
time and not retrospectively. Thus, this work has shown that planaria satisfy the 6 major
considerations of a FASD model equal to or better than the current simple organism
models.
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Moving forward, the Staehle lab will continue to explore the dynamics of ethanol’s effects
on CNS development and DAT characterization. One research aim is to expand the
knowledge obtained in this research into other substances of abuse such as cocaine and
nicotine. Cocaine and nicotine are popular substances for planaria research, however like
ethanol, limited research has gone into how these substances impact planarian regeneration
and how lower quantities of the substances would change the behavior-regeneration
relationship. These substances might also impact DAT expression in ways not seen in
ethanol experiments.

Another future research aim is to continue to expand DAT characterization in planaria.
Since, to our knowledge, this thesis is the first reported visualization of DAT in planaria,
the protocol would benefit from continuous improvement. We have shown a high
concentration of DAT ligand binding along the central nervous system, but the ligand has
yet to show definitively specific binding in the planarian model. It is also unknown how
ethanol exposure impacts DAT expression, and the spatiotemporal changes associated with
alcohol-exposure present an exciting opportunity for future work.

Finally, another future research aim is to develop and test additional fluorescent ligand
stains, like JHC1-064. A major roadblock with planaria is the limitation to viable antibodies
for fluorescent tagging, and this work has suggested that ligand fluorophores are a possible
alternative to antibody-based staining in planaria. Given the dimensions and ability to use
whole-mount preparations, it is possible that we may eventually be able to use these ligands
for live staining, which would revolutionize molecular-level investigations in planaria.
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Table A2
Planaria Photophobic Behavior Index in Whole Planaria Exposed to Ethanol
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